(Davis and Ish-Horowicz, 1991). Together, these results indicate that the bcd apical localization signal only operates when coupled to synthesis (Davis et al., 1993).
Despite the above arguments, it has not been possible to test the vectorial export model directly because normal transcripts do not accumulate to detectable levels en route from their sites of transcription to the nuclear envelope (e.g., Zachar et al., 1993). In particular, pairrule transcripts could localize by very rapid cytoplasmic transport along uncharacterized routes linked to the nuclear periphery.
In this paper, we define a localization mechanism for pair-rule transcripts using a new mRNP injection assay. We show that synthetic, fluorescently tagged ftz transcripts are unable to localize after injection into blastoderm embryos but that preincubation with nuclear protein extracts leads to rapid and specific apical localization dependent on an intact microtubule cytoskeleton. We show that this activity can be attributed to the Drosophila Squid hnRNP protein (Sqd; Hrp40; Kelley, 1993; Matunis et al., 1994) , which selectively binds to the ftz 3ЈUTR. Related human hnRNP proteins can substitute for Sqd activity, indicating that the localization-promoting activity of hnRNP proteins has been evolutionarily conserved. Our results argue that pair-rule transcripts 3ЈUTR (Davis and Ish-Horowicz, 1991) . We defined this signal more precisely using germline transformation and found that hybrid lacZ-ftz3ЈUTR transcripts with 205 bp (t 1/2 ≈ 6.5 min; Edgar et al., 1986), so they are more likely of ftz 3Ј genomic sequence are apically localized (LTf2; to localize directly and rapidly. Stabilizing the transcripts Figure 1B ; Experimental Procedures). Transcripts that does not prevent localization, showing that their seleclack the last 53 bases of the 3ЈUTR fail to localize apically tive accumulation is not due to selective degradation of (data not shown), showing that the ftz 3ЈUTR is necesbasal transcripts (Edgar et al., 1986 Figure 3C ). detectable 30 min or more after injection (e.g., Figure  2C ). We find no evidence of selective localization of Failure of injected transcripts to localize is also not due to saturation of the endogenous localization mathe full-length ftz transcripts (Figure 2 ). In essentially all embryos (Ͼ99%; n Ͼ 400), full-length ftz transcripts fail chinery. Reducing the concentration of injected transcripts to approximately endogenous levels does not to accumulate selectively in the apical periplasm; both injected transcripts diffuse out from the site of injection lead to selective localization ( Figures 2D and 2E ). In any case, the localization machinery has considerable and colocalize for at least 30 min (Figures 2A-2C ). Thus, injected ftz transcripts are unable to mimic the apical surplus capacity: the very high levels of pair-rule transcript that accumulate following mRNA stabilization by localization shown by endogenous pair-rule and reporter transcripts, indicating that purely cytoplasmic cycloheximide all localize apically (Edgar et al., 1986) , and endogenous h and ftz transcripts localize normally mechanisms are insufficient to account for pair-rule transcript localization.
in injected embryos (data not shown). Together, these alternatives, we tested whether nuclear proteins might promote cytoplasmic localization of pair-rule transcripts. We exposed FITC-ftz and Rh-ftz⌬3Ј to Drosophila embryonic nuclear extracts and coinjected the "preincubated transcripts" with cycloheximide into the basal periplasm of cycle 14 blastoderm embryos (Experimental Procedures). Strikingly, preincubated FITC-ftz transcripts specifically accumulate in the apical periplasm within 10 min of injection (60/60 embryos; 10-20 min postinjection), whereas ftz⌬3Ј transcripts remain unlocalized ( Figure 4A ). Nuclear extract is much more active than control proteins in promoting apical transcript localization. A control RNA-binding protein (GST-PABP) is also largely inactive in localizing ftz transcripts (see Figure 6D ). BSA shows some localization activity, but only at very high concentrations ( Figure 4E ). Together, our results indicate that nuclear extracts include specific factors required to localize pair-rule transcripts in blastoderm embryos.
Preincubated ftz transcripts localize in apical caps above the nuclei, thereby differing slightly from endogenous transcripts that localize as a continuous stripe domain (Davis and Ish-Horowicz, 1991). A further difference is that the accumulations of preincubated transcripts appear more particulate than that of endogenous transcripts, although this may reflect differences in expression levels or detection methods. In any case, the efficiency of localization is high, and little residual transcript Figure 4C ). results indicate that cytoplasmic factors required for Thus, preincubated transcripts also localize rapidly. We anchoring or transporting pair-rule transcripts are availdo not observe localization at earlier time points (0-1 able in excess, to be used for the localization of all apical min; 0/45), although we find particles of FITC-ftz trantranscripts.
scripts that may represent intermediates of cytoplasmic targeting (11/45; Figure 4D ). Localization of preincuftz Transcripts Localize Apically following Exposure bated transcripts thereafter must be a speedy process. to Nuclear Extracts Naked pair-rule transcripts could be unable to localize Localization of Preincubated ftz Is Dependent either because localization depends on vectorial nuclear upon Microtubules but Independent export, or because transcripts need prior exposure to of Microfilaments a nuclear environment for apical targeting (e.g., to recruit Injected transcripts are essentially stable under the connuclear proteins that are subsequently required for loditions of our assay, so specific localization of the preincubated FITC-ftz transcripts should be the consequence calization in the cytoplasm). To distinguish between these Embryos were injected with transcripts, and larval cuticle was examined for segmentation defects in the ventral denticle belts. Phenotypes observed were specific to even-numbered belts, as occurs with global ftz overexpression (Ish-Horowicz et al., 1989). FITC-labeled and unlabeled ftz induce phenotypes at the equal frequencies.
of a selective transport system. To define the transport mechanism further, we tested its dependence on an intact cytoskeleton. Early cycle 14 embryos were injected with 2 g/ml of colcemid and, 10 min later, injected with preincubated FITC-ftz transcript mixture. Localization is almost completely disrupted (21/22 embryos) such that the behavior of FITC-ftz resembles that of coinjected Rh-ftz⌬3Ј ( Figure 5A ). This inhibition of localization indicates that pair-rule transcript localization depends on an intact microtubule cytoskeleton. By contrast, preincubated FITC-ftz transcripts still localize apically in embryos that have been coinjected with 10 g/ml of Cytochalasin B (n ϭ 30; Figures 5B  and 5C ). This concentration has previously been shown to disrupt actin-dependent processes such as anchoring of nuclei to the cortex (Zalokar and Erk, 1976; Foe and Alberts, 1983) and, indeed, causes displacement of nuclei into the basal periplasm (e.g., Figure 5C ). Thus, processes disrupted by Cytochalasin B are not required for apical localization of preincubated FITC-ftz transcripts. Figure 4F shows that preexposed FITC-ftz transcripts specifically localize apically (21/21 at 50 ng/l protein), indicating that human nuclear extracts indeed promote pair-rule transcript localization. This degree of activity is higher than that of an equivalent Drosophila extract (35% embryos; Figure  4E ), although the proportion of localized transcripts within each embryo appears lower with human extracts. sophila embryonic nuclear extract; the FITC-ftz transcripts localize rapidly and specifically apically (arrows). Figure 6D ). The slightly lower activity of SqdB proteins. First, hnRNP's are well conserved between in our assay is probably not significant, although it is flies and humans. Second, the nuclear factors that facilinotable that expression of this isoform is incapable of tate localization appear to function in the cytoplasm and supporting grk transcript localization during oogenesis therefore must shuttle between nucleus and cytoplasm, (Norvell et al., 1999) . Association of ftz transcripts with as do hnRNP's (Piñ ol-Roma and Dreyfuss, 1992; Visa Sqd is very rapid, being essentially complete within the et al., 1996; reviewed in Piñ ol-Roma, 1997; Mattaj and 2 min period required to establish injections (data not Englmeier, 1998). Third, the Drosophila Sqd hnRNP proshown). tein, a homolog of the mammalian hnRNP-A/B proteins, We also tested whether the ability of hnRNP proteins is required for gurken (grk) transcripts to localize during to promote transcript localization has been evolutionoogenesis (Kelley, 1993 assay to reveal that prior exposure to nuclear proteins promotes apical transcript localization, thereby identifying a requirement for nuclear transcript-binding proteins for subsequent cytoplasmic transport and showing that pair-rule transcripts can localize exclusively by cytoplasmic transport.
Nuclear Factors Promoting Cytoplasmic Transcript Targeting Are Evolutionarily Conserved
Previous proposals that pair-rule transcripts localize by vectorial nuclear export rested largely on the absence of evidence for their cytoplasmic transport. However, our demonstration that pair-rule transcripts can undergo cytoplasmic transport renders the vectorial export model unlikely. The ability of human hnRNP proteins to promote localization and the uniform expression of Sqd within blastoderm nuclei ( Figure 6E ) also argue against a vectorial export mechanism (although we cannot exclude its operating as a second, redundant mechanism).
Localization of preincubated pair-rule transcripts re- microtubules.
Unfortunately, we cannot test directly whether Sqd is
After transport, pair-rule transcripts are anchored to required to localize pair-rule transcripts because strong the cytoskeleton, as shown by their lack of diffusion in sqd mutant eggs are unfertilized. However, we deterblastoderm embryos (Edgar et al., 1987) . However, the mined whether Sqd selectively recognizes the ftz 3ЈUTR transcripts still localize apically of nuclei displaced from by examining protein extracts from ovaries, the major the periphery of the embryo following Cytochalasin B source of Sqd in blastoderm embryos. treatment ( Figures 5B and 5C ), indicating that transcript Proteins that bind to ftz-3ЈUTR transcripts were laattachment sites differ from those of nuclei and are perbeled by UV cross-linking to This model also explains why maternal bcd transcripts in nuclear extracts was detected by Western blots on a nylon mem
